1978; Teal et al., 1992 White et al. 2005a . Today, the marsh vegetation surrounding Wild Harbor (Fig. 2c ) appears no different from nearby marshes that were not oiled.
Recent work found that a substantial residue of the No. 2 fuel oil was still present 8 to 20 cm below the salt marsh surface (Fig. 3b ) across Wild Harbor (Frysinger et al., 2003; Reddy et al., 2002; Slater et al., 2005; White et al. 2005a, b; Peacock et al., 2005) . The oiled sediments are now overlain by subsequent accretion, about 0.35 cm yr -1 , of salt marsh sediments devoid of oil (White et al., 2005a) . Despite slight differences in analytical methods, the concentrations of residual total petroleum hydrocarbons (TPHs) within the 8 to 20 cm layer, for sediment collected in 2000, were in roughly the same range as those measured in 1973 in surface sediments (Reddy et al., 2002) . The petroleum hydrocarbons present at depth are moderately degraded: volatile and water-soluble compounds and nalkanes have been removed, concentrations of acyclic isoprenoids have been reduced, but alkyl cyclohexanes, alkylbenzenes, and polycyclic aromatic hydrocarbons (PAHs) as well as many other unidentified hydrocarbons still persist (Reddy et al., 2002; Frysinger et al., 2003; White et al., 2005) . In particular, total PAHs (mostly alkylated naphthalenes and phenanthrenes/anthracenes) in a core collected in 2000 were 134 _g g -1 in the 14-16 cm horizon (White et al., 2005b) ; such levels are very similar to concentrations of PAHs found in the 1970s (Blumer and Sass, 1972) . This current PAH content is 40x greater than thresholds thought to be associated with the incidence of biological effects (Long et al., 1995) , assuming that the biological response for parent and alkylated PAHs is the same.
Therefore, petroleum hydrocarbons from the Florida spill persist, at remarkable concentrations, at depth in the anoxic sediments in some areas of Wild Harbor (Teal et al., 1992; Reddy et al., 2002; White et al. 2005b; Peacock et al., 2005 ).
Here we investigate and report whether this oil, after being spilled almost four decades ago, affects the burrowing behavior, escape response, feeding rate, population genetics, and abundance of fiddler crabs. The continued presence, and extensive datasets, of the residual oil in Wild Harbor presents an unusual opportunity to assess ecological effects of chronic exposure to petroleum residues. We selected the salt marsh fiddler crab, Uca pugnax, as a model organism for examining potential long-term biological effects of the residual oil because previous work showed acute impacts on U. pugnax in this ecosystem (Krebs and Burns, 1977) . In addition, U. pugnax burrows extend into sediments down to a depth of 30 cm (Montague, 1980) . This behavior potentially exposes the crabs to the oiled sediment layer in Wild Harbor.
Methods

Study and control sites
We performed a series of experiments, in the summer of 2005 and 2006, using U.
pugnax from Wild Harbor and Great Sippewissett salt marsh. The latter is a neighboring salt marsh that has similar flora, fauna, sediments, and geological history (Krebs and Burns 1977) . In addition, using routine methods (Reddy et al., 2002) , we found no detectable oil residues in sediment cores collected at this site in 2006. In this study and as in the past, we assume that most of the hydrocarbons in our operationally defined TPHs are from the Florida spill and consist mainly of an unresolved complex mixture (UCM) in the boiling range from n-C 1 0 to n-C 2 6 alkanes. Our estimated method detection limit is 0.0015 mg of TPH g -1 of dry sediment (Reddy et al., 2002) .
Burrowing behavior
To measure the burrow depth, we made casts of burrow structures by pouring liquefied Plaster of Paris into 19 crab burrows in Wild Harbor and in 12 burrows of Great Sippewissett marsh. These burrows are easy to identify by the appearance of the burrow opening and their location in the low marsh (Montague 1980 instead of oil concentration in mg g -1 because the approach avoided problems with the coarse resolution at which these sediment cores were split (4 cm) and compaction (Peacock et al., 2005) . With these results, the latter authors then mapped the total oil content in Wild
Harbor in g m -2 . Hence, this allowed us to compare burrow depth in locations that ranged in known oil content.
Escape response
To assess whether exposure to oil residues found in Wild Harbor sediments affected the escape response of U. pugnax, with previous long-term exposure and without long-term exposure, we fed crabs from Wild Harbor (the oiled marsh) and Great
Sippewissett (the non-oiled marsh) reciprocally with sediment collected from each marsh.
We placed crabs from Wild Harbor (n=120) and Great Sippewissett (n=120) marsh in separate containers, where we also placed sections of cores from depths of 0 to 4 cm (nonoiled), 12 to 16 cm (oiled), and 20 to 24 cm (non-oiled), and we allowed the crabs to consume sediment material replacing the sediment every 3 days (Table 1) . Fiddler crabs feed by scraping off portions of sediment and sifting through it with complex mouthparts, consuming the organic matter, and rejecting the remnants in the form of pseudofeces (Daiber, 1982) . We included core sections from above and below the oiled layer because we not only wanted to compare non-oiled and oiled layers, but also were concerned that there might be differences in feeding rates (and other behavioral responses) that were associated to differences in the percentage of bulk nitrogen (N), a feeding cue, found in vertical profiles of marsh sediment (Valiela, 1995) . Comparing the response of crabs exposed to the layer above and below the oiled layer allowed us to separate the effects of % N and oil. Nitrogen content was measured on 1 to 2 g samples from each core. The sediment was dried at 60°C
for 7 d and then analyzed on a Perkin-Elmer CHN Elemental Analyzer. 
Feeding rate
To evaluate whether feeding rates were affected by exposure to oil, we measured fecal pellet production as a proxy for feeding rate in the same group of crabs used in the escape response study (Krebs and Valiela, 1978) . We counted pellets every 12 hrs for each treatment combination using the same layout design as in the escape response work, taking care to distinguish fecal pellets from pseudofeces. Once counted, the fecal pellets were destroyed to avoid recounting.
Abundance
To determine if there were differences in abundances of crabs between oiled and non-oiled sites, we surveyed abundance of U. pugnax in transects over each of the two marshes, with transects covering the tidal excursion within which crabs were found (n=10) (Krebs and Burns, 1977) . In each transect, we counted the number of burrows (per 0.5 m 2 ) as a proxy for crab abundance (Krebs and Valiela, 1978) .
Results and discussion
Burrowing behavior
Burrows made by crabs in oiled Wild Harbor sediments were shallower (mean depth ± s.e. = 6.8 ± 0.6 cm, n=18) than those in Great Sippewissett marsh (mean depth ± s.e. = 14.8 ± 1.0 cm, n=10) (t-test, t stat=-7.66, P < 0.001) (Fig. 4a) . Great Sippewissett marsh has no detectable oil in it. Median burrow depth at Wild Harbor coincides with sediment depths where Reddy et al. (2002) and Peacock et al. (2005) first detect oil from the surface downward. In addition within oiled areas (TPHs content per core > 100g m -2 ; Peacock et al., 2005) , no U. pugnax burrows were found to reach depths greater than 14 cm in Wild Harbor (Fig. 3) . Again, this concurs with Reddy et al. (2002) and Peacock et al. (2005) , who generally found the highest oil concentrations to be at or near 12 cm (Fig. 3b) .
Photographs of representative burrow casts from each location are shown in Fig. 4c . As mentioned previously, Great Sippewissett marsh does not contain any detectable oil residues. Last, the observed depths of burrow casts at Great Sippewissett marsh are consistent with previous studies, in which burrows depths reached from 10 to 50 cm below the marsh surface (Krebs and Burns, 1977) .
The shapes of the burrow casts suggested that U. pugnax not only detected the presence of oiled sediments but also halted or turned laterally to avoid the oiled sediments (Fig. 4b) . In Wild Harbor, where we often had difficulty in removing the casts in one piece, the casts appeared to be curved and harder to follow below the marsh surface. In Great Sippewissett, the casts were much straighter and easier to remove (Fig. 4b) .
To consider the effect of oil on the length of the burrow casts, we relied on the work (using the aforementioned model), burrowing depth appeared to be shallower when the oil content was 75 g m -2 or greater (Fig. 4c) . In Peacock et al. (2005) , sediment cores that had total oil in this range typically contained oil concentrations of 2 to 5 mg of TPHs g -1 in
either the 4 to 8, 8 to 12 or 12 to 16 cm layers (Peacock et al., 2005) . Despite our reliance on modeled estimates of oil content, we believe these ranges for biological effects may be a useful threshold for evaluating potential biological impacts, at least to crabs and related fauna.
The avoidance of petroleum residues made evident by the burrow casts suggested that there may be further behavioral effects, which we examined by comparing the escape responses and differences in feeding rate between crabs exposed and not exposed to oiled sediments
Escape response
Exposure to the petroleum hydrocarbons had acute (< 10 d) and chronic (> 35 yrs)
consequences for the escape response by U. pugnax. Crabs from Wild Harbor and Great
Sippewissett both showed an acute response, in that crabs that fed for 10 d on sections of the oiled sediment (12-16 cm depth) were significantly slower to respond to the visual stimulus than those crabs that fed on non-oiled Great Sippewissett sediments at the same depth (t-test, t-stat=3.15, P < 0.001) ( Table 1 ). There were no differences associated with feeding on near-surface (0-4 cm depth) or deeper layers of sediment (20-24 cm depth; Fig.   5a ), so that differences in N content did not have any effect on escape response.
Chronic exposure to oil made Wild Harbor crabs considerably slower than Great
Sippewissett crabs (t-test, t-stat=2.89, P< 0.01). This slower escape response was evident even in crabs that had not been feeding on the oiled sediment layer during the experimental period (Fig. 5a ). The slope of a regression fitted to the data in Fig. 5a differed significantly from the 1:1 line (F=8.46, P< 0.01), which points to a general depression of locomotor ability and greater sensitivity in U. pugnax chronically exposed to oil in Wild Harbor.
Since we found it far easier to hand-collect crabs in Wild Harbor than in Great Sippewissett, we can anecdotally corroborate the slower escape responses of crabs from Wild Harbor.
These results suggest that locomotor ability of crabs chronically exposed to oiled sediment in Wild Harbor were impaired compared to crabs from the non-oiled marsh. Exposed crabs were nevertheless still susceptible to oil; chronic exposure did not increase resistance to oil.
This seems reasonable, since fiddler crabs have pelagic larvae, and hence the annual recruitment cohort does not necessarily have parents that were exposed to Wild Harbor oiled sediments (Montague, 1980) .
Feeding rate
There was also an acute feeding response to oil; crabs from both Great Sippewissett and Wild Harbor fed more slowly when exposed to the oiled sediment layer than when fed on non-oiled sediments (t-test, t-stat=-10.40, P< 0.001). Note that in Fig. 5b , all points fell below the 1:1 line. There was no apparent chronic feeding response by Wild Harbor crabs to the oil, since feeding rates for Wild Harbor crabs were not statistically different than those of Great Sippewissett crabs (F=1.853, P>0.05) (Fig. 5b) . The slope of a regression fitted to the data in Fig. 5b , and the intercept, were not significantly different than those of the 1:1 line (not shown). There were no differences in %N between sites at depth.
Abundance
To evaluate whether the short and long-term behavioral effects translated into population-level impacts, we surveyed abundance of U. pugnax in each of the two marshes (Krebs and Valiela, 1978) . Using previous work to compare the number of burrows to the number of fiddler crabs present (m -2 ) (Krebs and Valiela, 1978) , we found that the median density of U. pugnax in Wild Harbor was less than half that found in the control marsh (Fig. 6 ). Moreover, there was a noticeable skew in the abundances, with significantly more low values in Wild Harbor (χ 2 =21.64, P<0.01). Both these features point to the relative scarcity of U. pugnax in the oiled marsh compared to the non-oiled marsh. The lower abundance of U. pugnax in Wild Harbor compared to Great Sippewissett is consistent with the notion that the short-and long-term locomotor impairment may increase exposure of U.
pugnax to the abundant predators found in the salt marsh ecosystem.
The results of the behavioral and field studies suggest that the petroleum residue still present almost forty years after the Florida spill continues to have biological effects. Crabs collected in the marsh with oiled sediments made shallower burrows, exhibited slowed escape responses in the short-term, as well as exhibited a long-term effect, and displayed a short-term lowering of feeding rates compared to crabs from a non-oiled marsh. The responses that we documented paralleled results of similar work done soon after the original spill, indicating slower escape response, shallower burrowing depth and decreased abundances in oiled areas versus non-oiled areas (Krebs and Burns, 1977) . Therefore, long-term exposure not only does not lead to a build-up of resistance, but may chronically impair crab behavior.
Since most animals do not penetrate 8 to 20 cm into the sediment, we are unsure how the lingering effects reported here may affect other members of the salt marsh food web. The non-oiled surface layer might, in fact, be responsible for the relatively unaffected appearance of the salt marsh. Burial of the spilled oil probably reduces exposure. The results presented here, however, do show that the buried oil residues are still biologically active, and does have harmful long-term effects on populations that manage to reach the contaminated layer, such as U. pugnax.
The decrease in U. pugnax densities may lead to larger-scale ecosystem effects.
Fiddler crab populations are an integral part of the salt marsh food web. Fiddler crabs are ecologically important invertebrates in many salt marshes on the east coast (Daiber, 1982) .
Their activities and by-products affect the transfer of energy and nutrients within the marsh ecosystem (Daiber, 1982; Teal, 1962) , biomass of salt marsh vegetation by increasing soil drainage and aeration (Krauter, 1974) , and are important in sediment turnover, which leads to important nutrient transformations within the salt marsh and in neighboring coastal areas (Teal, 1962) . The effect of the residual oil on the decline of U. pugnax populations is therefore likely to result in decreased aeration and lower grass production in the salt marsh ecosystem.
In summary, recovery from oil spills depends on the species, on the post-spill history, and on characteristics of the specific environment (Baker, 1999) . In anoxic accreting salt marshes that have been exposed to spilled oil the residual undegraded biologically active oil may last for many decades with the potential for chronic lingering effects. Information on such effects is essential when determining whether to restore, rehabilitate, or replace oil-impacted areas, as required under legislation enacted in many countries, such as the United States Oil Pollution Act of 1990 Act of (33 U.S.C. 2701 Act of -2761 . It is evident that we need more than mere visual inspection of environments or chemical analysis of coastal environments to evaluate recovery of oil-impacted areas. 
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